Erythromycin-resistant mutants mapping to the Mendelian ery-M2 locus of Chlamydomonas reinhardii were cold-sensitive for growth at 15 "C. The phenotypes erythromycin-resistance and cold-sensitivity could not be separated in crosses.
I N T R O D U C T I O N
Mutants with alterations in the level of chloroplast ribosomes can be used to evaluate the importance of these ribosomes to cellular activities. A number of Chlamydomonas mutants with reduced numbers of chloroplast ribosomes are known (Boynton, Gillham & Chabot, 1974; Goodenough et al., 1971 ; Harris, Boynton & Gillham, 1974) . These chloroplast ribosome-deficient mutants were selected for a deficiency in photosynthesis expressed as slow growth in the absence of a reduced carbon source (acetate). A type of mutant which has been useful in studying bacterial ribosomes (Davies & Nomura, 1972; Flaks et al., 1966) is the temperature-sensitive ribosome assembly-defective mutant. Mets & Bogorad (1972) had previously found that erythromycin-resistant ery-M2 Chlamydomonas reinhardii mutants had reduced amounts of chloroplast ribosomes when grown at the usual culture temperature of 25 "C. Chloroplast ribosomes from ery-M2 mutants have altered [14C]erythromycin binding (Mets & Bogorad, 1971) . There is evidence that a basic, low molecular weight protein is altered in the large chloroplast subunit of an ery-M2 mutant (Mets & Bogorad, 1972) .
Any alteration in a ribosomal protein has the potential of affecting ribosome assembly and/or stability. A number of bacterial ribosome mutants have multiple phenotypes, e.g. temperature-sensitivity and antibiotic-resistance (Nashimoto et al., 1971 ; Pardo & Rosset, 1974; Feunteun et al., 1974) . We therefore screened a collection of erythromycin-resistant mutants of C. reinhardii for temperature-sensitivity at 15 and 35 "C. Five mutants belonging to the ery-M2 group were cold-sensitive for growth at 15 "C. We now report an analysis of the cold-sensitive phenotype by determination of growth characteristics and ribosome content and by genetic studies.
Cultures were harvested in a Sorvall G3 rotor, washed and resuspended to 2 x lo8 to 5 x lo8 cells ml-l in 25-25-25-5 buffer (25 mM-MgCI,, 25 mM-KCl, 25 mM-Tris/HCl, 5 mM-dithiothreitol, pH 7.5). Cells were broken by two passages through a Yeda press at 1500 Ibf in+ (9.4 MPa). Small-scale preparations for analysis of rRNA by polyacrylamide gel electrophoresis were sometimes made by the sonicator-bath technique of Simon (1974) . The homogenate was centrifuged at 17000 rev. min-l for 20 min in a Sorvall SS34 rotor. The supernatant was centrifuged again at 17000 rev. min-1 for 20 min. The pellets from both centrifugations were combined and resuspended in 25-25-25-5 buffer. The final supernatant (S17) and the combined pellets (P17) were stored in liquid nitrogen after adding RNAase-free sucrose to 5 % (w/v).
Ribosomal subunits in S17 and P17 fractions were analysed on exponential sucrose gradients at 4 T. Ribosomal RNAs were analysed by polyacrylamide gel electrophoresis as described by Hanson & Bogorad (1977 6) .
Total RNA analysis. Phenol extracts of total cellular RNA were made according to the method of Cattolico & Jones (1972) . Gel electrophoresis of a sample containing 1 to 2 A,,, units was done as described by Hanson & Bogorad (1977 b) . Before electrophoresis, 0-1 vol. 250-250-250-50 buffer (250 mM-MgCI,, 250 mM-KCI, 250 mM-Tris/HCl, 50 mwdithiothreitol, pH 7.5) was added to the sample. Relative amounts of different species of rRNA were calculated from absorbance scans of gels at 260 nm. Relative peak areas were obtained by weighing pieces of Xerox copies of gel scans. The relative areas were converted to mol% using the Chlamydomonas rRNA molecular weight values given by Cattolico, Senner & Jones (1973) .
R E S U L T S
Cold-sensitivity and erythromycin-resistance of haploid strains containing ery-21.12 alleles Wild-type, as well as mutant strains ery-Mla, b, c, d, ery-M3a and ery-Ula grew well at 15 and 35 "C. However, the ery-M2 mutants did not grow at 15 "C on minimal medium nor on media supplemented with acetate, yeast extract and peptone (Table 1 ). The ery-M2 mutants apparently have a narrow optimum growth range; the mutants did not grow as well at 30 to 35 "C as at 25 "C.
The haploid double mutants ery-M2d ery-Ula and ery-M2d ery-M3a were also erythromycin-resistant and cold-semi tive on minimal and on supplemented media (Tables 1  and 2 ). Presence of both the ery-M2d and ery-Ula alleles resulted in a strain which grew slowly even at 25 "C with no antibiotic (Table 2 ). The double mutant class ery-MI ery-M2 was not tested because the combination of these two alleles is lethal (Mets & Bogorad, 1971 Table 1 , except that + + + + is the amount of growth of wild type after 2 weeks at 25 "C.
I

Association of the eryr and cld" phenotypes
Erythromycin-resistance (eryr) and cold-sensitivity (clds) are very closely linked and appear to result from a single mutation. A cross between wild type and ery-M2d yielded over 95 % germination of zygotes and over 97 % progeny survival. Analysis of progeny from 63 zygotes did not reveal any cldr eryr or clds ery* recombinants. Crosses of mutants with arg-2, arg-7, nic-15, nic-I, and arg-4 yielded no cldr eryr or cld. ery" recombinants in 150 tetrads examined.
To examine more progeny for recombination between cld. and ery-M2, a form of random spore analysis (Davidson, 1976) was used. Mutant arg-2 was crossed with ery-M2d and zygotes were poured on to Petri dishes containing minimal medium. Mature zygotes were allowed to germinate into four or eight progeny on minimal medium. Progeny were then removed and plated at 25 and 15 "C on minimal medium containing 100 pg erythromycin ml-l. Cells of genotype arg-2 cannot grow on minimal medium and cells of genotype Table 2 .
cld. eryr cannot grow at 15 "C. Only cldl' eryr recombinants could grow on l0Opg erythromycin ml-l at 15 "C. Growth was apparent on control plates which contained arginine and no erythromycin a t 15 "C, or contained erythromycin at 25 I T . However, no growth, and thus no el& eryr recombinants, were detected among approximately 10000 progeny tested. This result is strong evidence that the same mutation is conferring cold-sensitivity and erythromycinresistance. Another reason that the ery-M2 mutants are not likely to be double mutants is that ethyl methanesulphonate was used during their isolation (Mets & Bogorad, 1971) . Ethyl methanesulphonate, unlike ni trosoguanidine, does not induce closely linked mutations at high frequency (Guerola, Ingraham & Cerda-Olmeda, 1971 ; Guerola & Cerda-Olmeda, 1975) .
Reversionlsuppression frequency Revertants or suppressed clones did not arise from ery-M2 mutants at a high frequency. Dilutions of ery-M2 strains grown at 25 "C in HS medium were plated on HS or YPA HS media at 15 "C and examined after 3 and 5 weeks. In several separate experiments, over 1 x los total cells were examined and only one cold-resistant colony was detected. Cells derived from this colony were as sensitive to erythromycin as the wild type and contained the normal amount of chloroplast ribosomes.
Complementation. analysis at the ery-M2 locus
The characters antibiotic-resistance and cold-sensitivity conferred by the mutant ery-M2 allele are recessive. Heterozygous diploids (+ /ery-M2) grew well at 15 "C ( Table 1) and were inhibited by low concentrations of erythromycin ( Table 2 ). The ery-M2 mutants are cross-resistant to lincomycin and cleocin, but + /ery-M2 diploids appear completely sensitive to these antibiotics on solid media (Table 3) .
Minimum inhibitory concentration determinations in liquid culture on wild type, ery-M2d and + /ery-M2d revealed that the heterozygous diploid is slightly more resistant to erythromycin than the wild type (Table 4) . However, the +/ery-M2 diploid is much less resistant than the +/ery-Ml diploids (Table 4 and Hanson & Bogorad, 1977~) .
Ribosomal R N A present in cellular fractions of haploid strains Ribosomal RNAs from cold-sensitive Chlamydomonas mutants were examined because bacterial mutants with this phenotype are known to be ribosome assembly-defective and to contain increased amounts of precursor forms of rRNAs (Nashimoto et al., 1971; Feunteun et al., 1974) . Precursor forms of chloroplast rRNAs were not detected in haploid strains containing ery-M2 alleles nor in wild type at 25 and 15 "C. However, quantitative alterations in chloroplast rRNAs were detected in ery-M2 strains.
Ribosomal RNA content could be used as a measure of ribosome content because no free rRNA could be detected in homogenates. Also, because the absolute amount of rRNA from cytoplasmic (80s) ribosomes per cell did not vary in different strains, rRNA from 80s ribosomes could be used as an internal standard for comparison of amounts of chloroplast rRNA.
The supernatant (S17) fractions from cells of wild type and ery-M1 mutants contained chloroplast rRNA as 35 to 40mol% of the total rRNA. The S17 fractions from ery-M2d cells grown on either minimal or acetate-supplemented medium contained only 13 to 18 % chloroplast rRNA (Fig. 1) . Unlike the Chlamydomonas mutant strain studied by Goodenough et al. (1971) , the presence of acetate in the medium had no effect on the chloroplast ribosome content of ery-M2 mutants.
Because a mutant lacking chloroplast rRNA (ribosomes) in the supernatant fraction could possibly have a defect in the release of chloroplast ribosomes from membranes, the membrane (P17) fractions of mutants were also examined for rRNA content. However, the P17 fractions of ery-M2 mutants were not enriched in chloroplast rRNA in comparison with those of the wild type after growth at 25 "C (Fig. 1 ) or after incubation at 15 "C.
The rRNA contents of S17 fractions of wild type, erythromycin-resistant mutants and
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Wild type cJl.,l,-U I a double mutants after growth at 25 "C and after 24 h at 15 "C are shown in Fig. 2 . The rRNA content of wild-type cells is identical after growth at 25 or 15 "C. All of the strains carrying ery-M2d have reduced amounts of chloroplast rRNA at 25 "C compared with wild type at 25 "C, and further reduction occurs at 15 "C. The double mutant ery-M2d ery-M3a has less chloroplast rRNA at 25 "C than any of the ery-M2 mutants. 
Chloroplast ribosomal RNA content of heterozygous diploids
Total cell RNA from wild type, ery-M2 mutants, + /ery-M1 diploids and + /ery-M2 diploids was analysed by gel electrophoresis. Preparations from all these strains, except for the haploid ery-M2 mutants, had 35 to 40 mol % chloroplast rRNA. The ery-M2 mutants again had only 13 to 18 % chloroplast rRNA (Fig. 3) . Thus, cold-sensitivity (Table l ) , antibiotic-resistance ( Table 2 ) and reduction in chloroplast RNA is recessive in + /ery-M2
diploids. This association of cold-resistance with normal amounts of chloroplast rRNA supports the hypothesis that the el& phenotype results from the absence of sufficient numbers of chloroplast ribosomes for cell survival and multiplication at 15 "C. Figs 1 to 3 indicate that the small and large subunit of the chloroplast ribosome are present in approximately equimolar amounts in the ery-M2 mutants. Although it is the large subunit which appears to have an altered ribosomal protein in the ery-M2 mutants (Mets & Bogorad, 1972) , both the large and small subunits are considerably reduced in these mutants.
Ratio of small to large subunits of chloroplast ribosomes in ery-M2 mutants Gel electrophoretic analyses of rRNA shown in
To determine whether small differences exist in the amounts of small and large subunits of chloroplast ribosomes in the ery-M2 mutants, we employed sucrose gradients with salt conditions adjusted so that most chloroplast ribosomes remained associated as 70s monomers. Under these conditions, a small difference in the ratio of small to large subunits would be detected more easily.
The sucrose gradient profiles of ribosomes of S17 fractions from wild type and two ery-M2 mutants grown at 25 "C (Fig. 4) revealed that the ratio of small to large subunits is slightly greater than 1 in the mutants. All five ery-M2 mutants had similar gradient profiles. This small difference in subunit ratio in the mutants was not detected by Mets & Bogorad (1972) because the low-magnesium sucrose gradients they employed resulted in nearly complete dissociation of the chloroplast ribosomes into subunits.
After 12 h at the restrictive temperature of 15 "C, a further reduction in the large subunit of the chloroplast ribosome had occurred in the ery-M2 mutants (Fig. 5) . The ribosome content of the membrane (P17) fraction was similar at both temperatures (Fig. 5) Fig. 4 . Sucrose gradient analysis of S17 fractions from wild type, ery-M2d and ery-M2c grown at 25 "C. Gradients contained 25-500-50 buffer (25 mM-MgCl,, 500 mM-KCl, 50 mM-Tris/HCl, pH 7.5). Gradient profiles of ery-M2a, ery-M2b and ery-M2e were similar to those of the ery-M2 mutants shown. S70, Small subunit of the 70s chloroplast ribosome; L70, large subunit of the 70s ribosome; M,,,, chloroplast ribosome monomer; Sa0, small subunit of the 80s ribosome; Ls0, large subunit of the 805 ribosome; Mao, monomer of the 80s ribosome. Fig. 5 . Sucrose gradient analysis of S17 and P17 fractions from ery-M2d grown at 25 "C and from ery-M2d after 12 h at 15 "C. The S17 and P17 fractions were dissolved in 25-25-25-5 buffer and run on gradients containing 25-500-50 buffer. Abbreviations as in Fig. 4. there is a high degree of, but not a perfect, co-ordination of the amount of the chloroplast subunits in the ery-M2 mutants. Whether or not this co-ordinate reduction is a general feature of chloroplast ribosome-deficient mutants having alterations in the large subunit remains an open question until such mutants at other genetic loci have been isolated and characterized. Although no mutants have been described which are specifically deficient in the large subunit of the chloroplast ribosome, Harris et al. (1974) have described mutants specifically deficient in the small subunit. Efect of reduced chloroplast ribosome content on growth rate Although some degree of chloroplast protein synthesis appears necessary for vegetative growth even when a reduced carbon source is available, Chlamydomonas cells can continue to grow when chloroplast protein synthesis is much reduced. In the absence of an exogenously supplied carbon source, slow growth can be maintained even in mutants which have abnormally few chloroplast ribosomes. The ery-M2 mutants, as well as ac-20, cr-1, cr-2 cr-3 and cr-4, can all grow phototrophically, although with a lower doubling time than wild type has under the same conditions ( Table 5 ).
DISCUSSION
The genetic data presented above indicate that the traits erythromycin-resistance and cold-sensitivity in ery-M2 mutants of Chlamydomonas are the consequence of a single nuclear gene mutation which affects chloroplast ribosomes. Furthermore, the cold-sensitivity for growth appears to result from a deficiency of chloroplast ribosomes at the restrictive temperature.
The reduced ribosome content of ery-M2 mutants at 25 and 15 "C could be explained if a mutant form of a ribosomal protein has decreased affinity for assembling ribosomes. Mets & Bogorad (1972) presented evidence for an altered chloroplast ribosomal protein in ery-M2 mutants.
Decreased affinity of a ribosomal protein for an assembling ribosome could also explain the phenotype of the +/ery-M2 diploids, which are much more sensitive to erythromycin than the + /ery-M1 diploids. The + /ery-MI diploids are quite resistant to erythromycin although they contain only 30 to 40 % erythromycin-resistant chloroplast ribosomes (Hanson & Bogorad, 1977) . Therefore, the high degree of erythromycin-sensitivity of + /ery-M2 diploids indicates that few erythromycin-resistant ribosomes are present in these diploids. This situation would result if, in a diploid containing ery-M2 and its wild-type allele, the mutant gene product is less likely to be incorporated into an assembling ribosome.
The cold-sensitivity for growth of the ery-M2 mutants implies that chloroplast protein synthesis is not dispensable when cells are given a reduced carbon source, contrary to the suggestion of Boynton et al. (1974) and Harris et al. (1974) . All haploid strains carrying mutations at the ery-M2 locus, alone or in combination with ery-M3a and ery-Ula, were cold-sensitive even when provided with a reduced carbon source. Previous evidence for the importance of chloroplast protein synthesis in C . reinhardii was that ery-M1 ery-M2 recombinants are not viable -this combination of mutations in two genes affecting the chloroplast ribosome is lethal (Mets & Bogorad, 1971) .
